To understand the role of myeloid differentiation factor 88 (MyD88) expressed by donor bone marrow (BM) in the pathophysiology of graft-vs.-host disease (GVHD), we investigated the effects of transplantation of MyD88-deficient T cell-depleted BM (MyD88KO TCD-BM) on the severity of GVHD. Transplantation with MyD88KO TCD-BM aggravated GVHD; serious gut damage was evident, with high infiltration of T cells into the intestines of recipients and markedly reduced expansion of CD11b þ Gr-1 þ myeloid-derived suppressor cells (MDSCs). MDSCs from MyD88KO mice were defective in inducing donor T-cell apoptosis and inhibiting T-cell proliferation. Supplementation of transplanted mice with MDSCs from wild-type mice, but not MyD88KO mice, attenuated GVHD severity with reduced intestinal T-cell infiltration in MyD88KO TCD-BM recipients. Pretreatment of BM donors with lipopolysaccharide to increase MDSC levels and MyD88 transcription in the TCD-BM transplant alleviated GVHD severity and intestinal T-cell infiltration. The T cell/MDSC ratios were correlated with intestinal GVHD severity in both animal models and human patients. This study indicates that MyD88-dependent MDSC expansion from donor BM is critical for protection against fatal intestinal GVHD.
INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is an important therapeutic modality used to treat malignancies of hematopoietic origin, such as leukemia and lymphoma. However, development of graft-vs.-host disease (GVHD) causes non-relapse mortality and substantial morbidity of recipients. 1 Gastrointestinal tract damage initiated during pre-conditioning is a principal pathological cause of mortality from GVHD. 2 Gastrointestinal tract damage during GVHD exposes host epithelial and immune cells to the products of dying (eukaryotic) cells and commensal bacteria (such as lipopolysaccharides (LPS) and flagellin), which trigger the action of the toll-like receptor (TLR). TLRs are expressed by various cell types, not only on innate macrophage and dendritic cells but also on adaptive T and B cells, 3 and non-hematopoietic epithelial cells. 4 Myeloid differentiation factor 88 (MyD88), a major adaptor mediating TLR signaling, is also known to deliver pro-inflammatory signals. 5 However, MyD88-signaling does not always cause inflammation, as shown by the fact that more severe inflammatory bowel disease is induced in MyD88deficient (MyD88KO) than wild-type (WT) mice. 6 The role of MyD88 signaling in GVHD has not been investigated intensively, but some studies have produced relevant (although controversial) results. TLR-mediated signaling has been considered to contribute to initiation of GVHD via activation of antigen-presenting cells (APCs) that enhance T-cell activation. 7, 8 Linkage of a TLR4 polymorphism to GVHD severity, 9 and aggravation of GVHD lethality after treatment of GVHD hosts with a TLR9 agonist 10 suggested that suppression of TLR signaling would improve GVHD treatment. The reduced severity of intestinal GVHD in MyD88KO hosts 4 is consistent with this view. However, despite the significance of host APCs in the initiation of GVHD, 11 it has been reported that MyD88-deficiency specifically in host APCs did not ameliorate GVHD at all, 12 suggesting that any role of MyD88 in GVHD might not be limited to APC activation, and that signaling by MyD88 in other types of hematopoietic cells, or epithelial cells could be involved in GVHD pathogenesis.
Apart from its role in sensing inflammation, MyD88 has been implicated in control of the expansion of myeloid-derived suppressor cells (MDSCs), as shown by prevention of expansion of such cells in MyD88KO mice under conditions of sepsis. 13 MDSCs are well known to effectively suppress T-cell responses both in tumor models and patients, [14] [15] [16] and share the common phenotypic markers CD11b þ (Mac-1) and Gr-1 þ (Ly6G/Ly6C) in mice. 17 In work on murine allo-HSCT, several studies have revealed expansion of MDSCs and associations between the proportions of such cells and reduced GVHD mortality. 18, 19 However, any relationship between MyD88 signaling and MDSC expansion in GVHD has been seldom investigated.
To explore the contribution of MyD88 expressed by donor bone marrow (BM) cells to development of GVHD, we induced GVHD using T-cell-depleted BM (TCD-BM) isolated from MyD88KO C57BL/6 (B6) mice and T cells isolated from WT B6 mice. We sought to determine the effect of loss of MyD88 expression by donor TCD-BM on the development of intestinal GVHD. Our results will show that MyD88 signaling in donor BM cells has a protective role via enhancing the expansion and immunosuppressive function of MDSCs derived from the donor TCD-BM. Our results also reveal the clinical relevance of the relative abundance of MDSCs compared with T cells in predicting the development of severe intestinal GVHD after experimental and clinical myeloablative allo-HSCT.
RESULTS

Allogeneic recipients of MyD88KO donor TCD-BM exhibit higher mortality and more severe intestinal damage
To evaluate the impact of the absence of MyD88 signaling in donor TCD-BM (the non-T-cell compartment) on GVHD progression, we induced acute GVHD in lethally irradiated B6D2F1 (F1) mice by injecting 1 Â 10 6 T cells purified from WT B6 mice together with TCD-BM isolated from MyD88KO B6 mice (the major histocompatibility complex-and minor histocompatibility antigen (miHA)-mismatched model). Control GVHD hosts received T cells and TCD-BM both isolated from WT B6 mice. A dose of 1 Â 10 6 T cells was chosen to induce mild acute GVHD, 20 to allow morbidity to be compared between the two types of GVHD hosts that had received TCD-BM from different donors over a long period of time.
Unexpectedly, all the recipients of MyD88KO TCD-BM died within 20 days ( Figure 1a ; the median survival time was 15.0 days) and showed high clinical GVHD scores (left, Figure 1b ) with severe weight loss (right, Figure 1b ) and serious diarrhea, whereas the recipients of WT TCD-BM did not exhibit such early lethality (median survival time: 62.5 days). In the allogeneic F1 recipients of MyD88KO TCD-BM only (lack of T-cell co-transplantation), myeloid (CD11b þ ) and B (B220 þ ) cells of donor origin (H-2 d -negative) were evident in the BM on day 13 post transplantation (Supplementary Figure S1a online), indicating successful engraftment and hematopoiesis of transplanted MyD88KO TCD-BM. Syngeneic B6 recipients of MyD88KO TCD-BM and WT T cells exhibited good survival, whereas the total body irradiation-only controls (without BM transplantation) died within 8 days ( Figure 1a) . Therefore, the drastic mortality of allogeneic F1 recipients of MyD88KO TCD-BM plus WT T cells was ascribed to the alloreactivity of transplanted T cells.
Gross examination of isolated organs revealed more prominent lengthening of the small intestines (SI), a sign of presence of intestinal GVHD, in the allogeneic recipients (allo KO) of MyD88KO TCD-BM and WT T cells than in those (allo WT) of WT TCD-BM and WT T cells ( Figure 1c) . Consistently, histological examination revealed that total epithelial denudation (grade 4) was more marked, and severe GVHD lesions (Xgrade 3) were more prevalent in the SI of the MyD88KO TCD-BM recipients than in those of the WT recipients (lengths of the lesions (Xgrade 3) as percentages of the entire SI lengths were 81.7±6.2 in the case of the MyD88KO TCD-BM recipients and 53.3±16.9 in the case of WT recipients; P ¼ 0.46, Figure 1d ). These findings showed that lack of MyD88 expression in the non-T-cell compartment derived from donor BM aggravated the severity of GVHD, suggesting that the GVHD aggravation and enhanced mortality in the recipients of MyD88KO TCD-BM correlate with increases in intestinal damage.
Donor T cells heavily infiltrate the small intestine of allogeneic recipients of MyD88KO TCD-BM
In the allogeneic recipients, irrespective of donor BM origin (MyD88KO or WT), all the leukocytes infiltrating the GVHD target organs were of donor type (Supplementary Figure S1b) . To more clearly compare the extent of tissue infiltration by donor T cells between the two groups of GVHD hosts, T cells isolated from WT congenic B6.Ly-5a B6 mice (CD45.1 þ ) were used to induce GVHD. The proportions of CD45.1 þ T cells in tissue-infiltrating leukocytes were higher in the spleens, mesenteric lymph nodes (MLN), and SI of recipients of MyD88KO TCD-BM than in those of WT TCD-BM, because CD45.1 À non-T-cell compartments did not become normally expanded in the former (Figure 2a,b ). However, the absolute numbers of infiltrating CD45.1 þ T cells were lower in the spleens of the recipients of MyD88KO TCD-BM than in those of WT TCD-BM (Figure 2b) , because the total cellularity levels were lower in the formers (data not shown). Nevertheless, however, the absolute numbers of CD45.1 þ T cells infiltrating the intestine were significantly higher in the formers because of their high intestinal cellularity. Such organ-dependent differences were evident when the levels of both CD4 þ and CD8 þ cell subtypes were examined (Figure 2c ). CD45.1 þ cells were more abundant in the mucosa of SI of MyD88KO TCD-BM recipients than in those of WT controls by confocal microscopic analyses ( Figure 2d ). In support of these findings, the proportions of cells expressing CCR9, which is associated with T-cell migration to the intestinal mucosa, 21 among the carboxyfluorescein succinimidyl ester (CFSE)-low alloreactive CD8 þ T cells were higher in the spleens of MyD88KO TCD-BM recipients than in those of the WT control group (Figure 2e) : The CFSE-low cells were identified on the basis of the CFSE-dilution profiles of T cells under syngeneic conditions on day 5. Accordingly, CCL25 (CCR9ligand) was produced at higher levels in the intestine of the MyD88KO group than in that of the WT control group on day 7 post transplantation ( Figure 2f ). On the other hand, a4b7 expression on donor T cells and production of its ligand (MAdCAM-1) in the SI were similar between the two groups (Supplementary Figure S2a ). Together, these results showed that recipients of MyD88KO TCD-BM experienced increased intestinal infiltration by activated T cells, compared with the recipients of WT TCD-BM. We suggest that this presence, in higher frequencies, of CCR9 þ CFSE low T cells in the spleens explains the enhanced infiltration of T cells in the SIs of myD88KO group.
In addition, to examine whether CD45.1 þ donor T cells in the spleens of the two different GVHD hosts would differ in their apoptosis or proliferation capacities, Annexin V-staining and BrdU-incorporation analyses were performed with T cells from the mice treated with BrdU for 4 h before the sacrifice on day 4 post transplantation, the period before migration of activated cells from secondary lymphoid organs to peripheral tissues. 22 Although BrdU-incorporation by T cells during the 4 h was not significantly different between the two groups, the proportions of Annexin V-positive CD4 þ and CD8 þ T cells were significantly lower in the recipients of MyD88KO TCD-BM than in those of WT TCD-BM ( Figure 2g ). Expressions of Bax and Caspase 9 by both T cell subsets were also significantly Figure 1 Allogeneic recipients of MyD88KO donor TCD-BM exhibit severe GVHD morbidity and mortality with intestinal damage. Lethally irradiated F1 recipients were given 5 Â 10 6 WT or MyD88KO TCD-BM cells plus 1 Â 10 6 purified WT T cells from allogeneic B6 donors (n ¼ 10 in each group, allo WT and allo KO). B6 animals were irradiated and transplanted with 5 Â 10 6 WT or MyD88KO TCD-BM cells plus 1 Â 10 6 purified WT T cells from syngeneic B6 donors (n ¼ 5 in each group, syn WT and syn KO). Control mice were given only TCD-BM from WT or MyD88KO mice (thus without co-transplantation of B6 T cells; n ¼ 10 in each group, allo WT TCD-BM and allo KO TCD-BM), or were not given TCD-BM (total body irradiation (TBI), n ¼ 5) after the irradiation. The extent of pathological damage to SI was evaluated using the semi-quantitative scoring system described in Methods section, in all the transplantation groups (n ¼ 5 in each group). Lengths of the lesions (X grade 3) were plotted as percentages of the entire SI lengths, 39 and the values were denoted as pathological scores and compared among the different groups. Data are presented as means±s.e.m. Data shown in c andd are representative of two independent experiments. BMT, bone marrow transplantation; GVHD, graft-vs.-host disease; KO, knockout; TCD-BM, T-cell depleted bone marrow; WT, wild type. reduced in the MyD88KO TCD-BM recipients compared with the latter (Figure 2h ). Together, these results suggested that negative regulation of alloreactive CD45.1 þ T cells would be also less stringent in the MyD88KO group. As low stringency of negative regulation within the spleens may cause expedited severe intestinal damage by heightening the chances for T cells to survive and egress out to intestines, we suggest that infiltration of more T cells into the SIs of MyD88KO group than of WT group on day 13 may also be attributed to the less stringent negative regulation on allo-reactive T cells. Reduced expansion and ineffective suppressive function of CD11b þ Gr-1 þ cells in the allogeneic recipients of MyD88KO TCD-BM CD45.1 À non-T-cell compartments which were notably decreased in the MyD88KO TCD-BM recipients (Figure 2a ) were typed to be CD11b þ Gr-1 þ cells ( Figure 3a) . Especially, the proportions of Ly6G hi Ly6C low subpopulation within the CD11b þ Gr-1 þ cells were significantly lower in the recipients of MyD88KO TCD-BM, compared with those of WT counterparts (Figure 3b) . The low proportion of CD11b þ Gr-1 þ cells in the MyD88KO group was ascribed to their low-level expansion from transplanted MyD88KO TCD-BM, in response to stimuli produced in the GVHD hosts, because the proportions of CD11b þ Gr-1 þ cells in naive BM cells and in peripheral organs of MyD88KO mice (i.e., before transplantation) were comparable to those of WT B6 mice (Supplementary Figure S2b ). The granulocytes isolated from MyD88KO mice exhibited myeloperoxidase enzyme activity similar to those from WT mice (Supplementary Figure S2c ). CD11b þ Gr-1 þ cells, which expanded normally in GVHD hosts (recipients of WT TCD-BM), were composed of cells with monocytic and granulocytic morphological features ( Figure 3c ), consistent with the mixed compositions of Ly6G low Ly6C hi and Ly6G hi Ly6C low cells in flow cytometry ( Figure 3b) ; they expressed Arginase-1 (Arg-1) and inducible nitric oxide synthase (iNOS), genes expressed by MDSCs, 23 at significantly higher levels (upon quantitative RT-PCR (PCR with reverse transcription) analyses) than the CD11b þ Gr-1 þ cells isolated from naïve B6 mice or from the MyD88KO TCD-BM recipients (Figure 3d ). These characteristics identified the CD11b þ Gr-1 þ cells that expanded in WT GVHD hosts as MDSCs. Consistently, most of the CD11b þ Gr-1 þ cells in WT hosts (472% on average) were F4/80-positive. In comparison, proportions of F4/80-positive cells were significantly lower in the CD11b þ Gr-1 þ cells from the spleens and peripheral blood mononuclear cells of the MyD88KO TCD-BM recipients (Figure 3e ), which indicated that MDSCs were infrequent within the CD11b þ Gr-1 þ cells derived from transplanted MyD88KO TCD-BM. Therefore, we concluded that incomplete expansion of CD11b þ Gr-1 þ F4/80 þ MDSCs from MyD88KO TCD-BM increased T-cell infiltration into the intestines, leading to the exacerbation of intestinal GVHD. We did not detect any meaningful differences in the T-cell production of INF-g by the two groups of TCD-BM recipients (Supplementary Figure S3a) . The levels of production of TNFa and IL-1b by CD11b þ Gr-1 þ MDSCs in spleens (and other organs) were also comparable between the two recipients on a per-cell basis (Supplementary Figure S3b) . Also, the proportions of Foxp3 þ CD4 þ regulatory T cells in the spleens and SI of the two groups were similar (Supplementary Figure  S3c ). In the assessment of inflammatory cytokines implicated in pathogenesis of acute GVHD, 7 differences in serum cytokine levels between the two groups of GVHD hosts were not as dramatic as expected (Supplementary Figure S3d ). IL-6 and IL-17 levels were higher and IL-10 level was lower in recipients of MyD88KO TCD-BM than in WT TCD-BM recipients. But the levels of TNF-a and IL-1b were lower in MyD88KO recipients, although the difference in IL-1b levels was not significant. Such findings suggested that variations in cytokine levels might not fundamentally explain the difference in GVHD severity noted between the two groups.
Next, we directly compared the immunosuppressive functions of MDSCs from MyD88KO and WT mice, respectively, by co-incubating CD11b þ Gr-1 þ cells isolated from the BM of MyD88KO or WT mice with B6-anti-F1 mixed leukocyte cultures. CD4 þ and CD8 þ T cells co-incubated with CD11b þ Gr-1 þ cells from MyD88KO mice exhibited more extensive CFSE-dilution and less Annexin V-staining than those coincubated with the CD11b þ Gr-1 þ cells from WT mice (Figure 3f,g) . The suppressive function exerted by MDSCs depended on the relative levels of such cells compared with T cells, in agreement with a previous report of the ratio-dependent MDSC function. 24 The same results were obtained when the suppression of CD3/CD28-stimulated CD4 þ and CD8 þ T cells were used as a readout of MDSC function (Supplementary Figure S3e ,f, respectively). In addition, when CD11b þ Gr-1 þ 
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MucosalImmunology | VOLUME 9 NUMBER 3 | MAY 2016 cells isolated from the BM of GVHD hosts that had been transplanted with either WT or MyD88KO TCD-BM were tested for their suppressive activity, those from the recipients of MyD88KO TCD-BM exhibited a reduced suppressive function, compared with their WT counterparts (Figure 3h,i) , which is probably related to the decreased expression of Arg-1 and iNOS genes by the cells of MyD88KO TCD-BM origin (Figure 3d) . Thus, GVHD exacerbation upon transplantation of MyD88KO TCD-BM was associated not only with inadequate expansion of MyD88KO-MDSCs in GVHD hosts, but also with the ineffective negative regulation of alloreactive donor T cells.
Increased mortality and insufficient MDSC expansion are evident even in miHA-mismatched recipients of MyD88KO TCD-BM
To determine whether the increase in GVHD mortality and the inadequate MDSC expansion noted after allogeneic transplantation of MyD88KO TCD-BM could be reproduced in other GVHD models, we induced acute GVHD in irradiated BALB.B mice used as recipients of WT B6 T cells and MyD88KO or WT B6 TCD-BMs; this is an miHA-mismatched GVHD model. 25 We next performed flow cytometric analyses as described above. Also, in this model, GVHD severity and mortality were exacerbated in recipients of MyD88KO TCD-BM. These animals had a shorter median survival time (10 days) and more serious disease symptoms than did recipients of WT TCD-BM (median survival time: 24 days; Supplementary  Figure S4a -c). The numbers of CD4 þ and CD8 þ T cells infiltrating the intestines were also higher in recipients of MyD88KO TCD-BM than WT TCD-BM, and expansion of CD11b þ Gr-1 þ MDSCs was significantly reduced in recipients of MyD88KO TCD-BM (Supplementary Figure S4d ) on day 7 post transplantation. All CD4 þ and CD8 þ T, and CD11b þ and Gr-1 þ cells were of donor origin after day 7, as shown by typing based upon allelic polymorphisms at the b2m locus (B6: b2m b ; Supplementary Figure S4e ,f). Together, these data confirm that transplantation with MyD88KO TCD-BM during the induction of GVHD aggravated the disease, and was associated with a high-level T-cell infiltration into the intestine and insignificant expansion of MDSCs, even in miHAmismatched GVHD hosts.
Supplementation of recipients of MyD88KO TCD-BM with WT-MDSCs attenuates GVHD severity and reduces donor T-cell infiltration into the intestines Next, we explored whether supplementation of GVHD hosts with WT-MDSCs during the course of GVHD could compensate the lack of MDSC function and alleviate GVHD severity in MyD88KO TCD-BM recipients. To this end, CD11b þ Gr-1 þ cells (1 Â 10 6 ) purified from the BM of WT or MyD88KO mice were injected into GVHD hosts that had received MyD88KO TCD-BM on days 3, 5, and 7 post transplantation (MDSCs from the two different donors were similarly homogeneous in nature, exhibiting features of granulocyte-monocyte precursors; Figure 4a ). As expected, supplementation with WT-CD11b þ Gr-1 þ cells attenuated GVHD severity in the recipients of MyD88KO TCD-BM. The disease severity was similar to or less than that noted in another control GVHD group that had received WT TCD-BM, without any further supplementation (Figure 4b) . In contrast, the attenuating effect evident after supplementation with WT-CD11b þ Gr-1 þ cells was not observed upon supplementation with MyD88KO-CD11b þ Gr-1 þ cells, and this difference was emphasized when intestinal pathology was compared ( Figure 4c ). In addition, supplementation with half dose of WT-CD11b þ Gr-1 þ cells (0.5 Â 10 6 cells) also exhibited attenuating effects (Supplementary Figure S5 ) but less than observed after full-dose treatment, implying that the dose of CD11b þ Gr-1 þ cell (or abundance) influenced the degree of GVHD protection. The profiles of leukocyte infiltration into the spleen, MLN and intestine were reversed upon supplementation of WT-CD11b þ Gr-1 þ cells. Thus, CD4 þ and CD8 þ T-cell numbers were reduced in the intestines of recipients of MyD88KO TCD-BM upon supplementation with WT-MDSCs, compared with animals supplemented with MyD88KO-CD11b þ Gr-1 þ cells (Figure 4d-g) . The numbers of CD11b þ Gr-1 þ cells also increased in all the tested organs after WT-cell supplementation (Figure 4h) . Together, the results showed that CD11b þ Gr-1 þ cells from MyD88KO mice were defective in terms of expansion and exertion of a protective role in vivo in GVHD hosts. Figure 4 See for caption on page 738.
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Recipients of TCD-BM from WT donor mice injected with LPS develop less severe GVHD and show reduced levels of intestinal T-cell recruitment
To verify the importance of MyD88-mediated signaling in CD11b þ Gr-1 þ cells in reducing the severity of GVHD, we examined whether transplantation with TCD-BM cells containing high levels of CD11b þ Gr-1 þ MDSCs attenuated the severity of GVHD. As repeated injection of LPS elicited the development of CD11b þ Gr-1 þ MDSCs, 26 we injected BM donors with LPS before the preparation of TCD-BM, and confirmed that pretreatment with LPS increased CD11b þ Gr-1 þ cell frequencies (Figure 5a) as well as the levels of Myd88 transcripts (Figure 5b) in the TCD-BM inoculum. Transplantation with TCD-BM isolated from the LPSpretreated donors significantly improved GVHD survival and attenuated disease severity, compared with that after transplantation with control TCD-BM that had been pretreated with the vehicle (Figure 5c ). This GVHD alleviation by LPSpretreated TCD-BM was also observed in the miHAmismatched GVHD model (Figure 5d ). The pattern of organ infiltration by CD45.1 þ T cells differed in the two groups; the extent of intestinal T-cell infiltration was lower (Figure 5e-h) , and the proportions of CD11b þ Gr-1 þ cells in target organs were higher (Figure 5i ), in the test recipients than in controls. Therefore, elevated CD11b þ Gr-1 þ cell levels in TCD-BM transplants, achieved via MyD88-signaling triggered by LPS-pretreatment, ameliorated fatal intestinal GVHD.
The ratio of T cells/MDSCs at engraftment predicts the development of intestinal GVHD
CD11b þ Gr-1 þ MDSCs have a direct relevance to the control of GVHD development. 18 Retrospectively, we found that higher proportions of T cells over CD11b þ Gr-1 þ MDSCs in peripheral blood or spleens (high T cell/MDSC ratios) positively correlated with the severity of intestinal GVHD in the several contexts of the present study (Figure 6a-c) . We, therefore, wondered whether MDSC expansion levels could be used to predict intestinal GVHD severity. We calculated T cell/ MDSC ratios in peripheral blood mononuclear cells of the consecutively transplanted patients ( Supplementary Table 1) at the time of engraftment. We determined the full engraftment when the host cells showed almost 100% donor-cell chimerism. Human MDSCs express lineage -HLA-DR -CD11b þ CD33 þ phenotypes. 27 The calculated ratios of T cell/MDSCs were significantly higher in patients with intestinal GVHD X grade 2 (Figure 6d ) than in others, suggesting that this parameter (T/MDSC ratio at engraftment) may be used to predict intestinal GVHD severity. The results of univariate and multivariate analysis regarding occurrence of acute intestinal GVHD are shown ( Supplementary Table 2 ). However, this parameter was found not to be significantly associated with the occurrence of overall acute GVHD X grade 2 (data not shown), demonstrating that the development of intestinal GVHD was particularly associated with inadequate expansion of MDSCs immediately after clinical allo-HSCT.
DISCUSSION
In the present study in which we used two murine models, we found that expression of MyD88 in a TCD-BM transplant was important for protection against fatal acute GVHD of the intestine. Lack of MyD88 expression in the TCD-BM transplant caused incomplete expansion and functional expression of CD11b þ Gr-1 þ MDSCs in recipients, and an increase in MDSC levels in the TCD-BM (achieved via pretreatment of donors with LPS) alleviated GVHD severity and infiltration of T cells into the intestine. Clinically, relatively high T/MDSC ratios in blood correlated with the severity of intestinal GVHD in human patients. Donor-derived BM cells repopulate the hematopoietic systems of recipients, but may also participate in GVHD pathogenesis, in that donor APCs present host antigens to alloreactive donor T cells and exacerbate GVHD. 28 However, such roles for donor-derived immune cells, other than donor APCs and T cells, in GVHD pathogenesis, have rarely been reported. We found that lack of MyD88 expression in donor TCD-BM was detrimental in terms of GVHD survival, despite the absence of MyD88-mediated activation of donor APCs. In a GVHD model using a BM chimera as a host, in which hematopoietic cells were replaced by MyD88KO BM-derived Figure 4 Injection of CD11b þ Gr-1 þ MDSCs from WT mice, but not MyD88KO mice, regulates the development of acute GVHD in recipients of MyD88KO donor TCD-BM. (a) CD11b þ Gr-1 þ cells were isolated from either WT or MyD88KO mice. This population comprises X95% of the CD11b þ Gr-1 þ MDSCs fraction by flow cytometric analysis. Each May-Grü nwald and Giemsa-stained cytospin preparation is shown. (b) Lethally irradiated F1 recipients were given 5 Â 10 6 MyD88KO TCD-BM cells plus 1 Â 10 6 purified WT T cells from allogeneic B6 donors. Mice exhibiting GVHD that had received MyD88KO TCD-BM cells were injected with 1.0 Â 10 6 CD11b þ Gr-1 þ MDSCs isolated from WT or MyD88KO mice (n ¼ 12; allo KO þ WT MDSCs or allo KO þ KO MDSCs, respectively) at days 3, 5, and 7 post transplantation. In parallel, GVHD was induced with WT or MyD88KO TCD-BM plus WT T cells, but without MDSC supplementation (n ¼ 9; allo WT or allo KO, respectively). Data from two similar experiments are combined. cells, a lack of MyD88 specifically in host APCs did not alleviate GVHD even partially. 12 Such findings suggest that (in contrast to the known role played by MyD88 as an instigator of the pro-inflammatory immune response) a major effect of MyD88 signaling in GVHD is a limitation of inflammation, rather than aggravation of GVHD via APC activation. Our results suggest that MyD88 signaling has a protective role in GVHD development, especially intestinal GVHD, mediating MDSC expansion and function. Similarly, extent of MDSC expansion was reduced in MyD88-deficient mice after cecal ligation and puncture in a model of sepsis 13 and MyD88-deficient mice developed more severe intestinal inflammation than WT animals in an experimental model of inflammatory bowel disease, 6 indicating the importance of MyD88 signaling in terms of protecting the host from development of several inflammatory diseases involving the intestine.
However, in an apparent contradiction of results supporting the suppressive role of MyD88 in intestinal inflammatory disease, an association of high LPS concentrations with severe GVHD has also been reported in numerous studies. 2, 8, 29, 30 Therefore, it is probable that both pro-inflammatory and regulatory effects are exerted by MyD88-mediated signaling during the overall development of GVHD pathophysiology, and that MDSC expansion may have a fundamental role in the inflammatory signaling component of the host innate immune response to TLR ligation. However, TLRs are known to be expressed in various types of cells and at variable levels within the intestine, and deliver different signals depending upon their location in the intestinal epithelium. 31 In addition, B-cellintrinsic MyD88 signaling has been reported to protect against experimental inflammatory disease. 32 Therefore, it is also probable that MyD88-mediated signaling may exert proinflammatory or regulatory effects in a cell-type-specific manner. Thus, any protective role by MyD88 may be associated with MDSC expansion in the context of GVHD, whereas the pro-inflammatory role may have been principally in intestinal epithelial cells. Overall, we suggest that stimulation of MyD88 signaling in donor BM increases the level of MDSCs, whereas blocking of such signaling in a recipient, may be an ideal strategy to selectively promote the positive role of MyD88 signaling and protect a host from the development of severe GVHD. 4 Our results showing the importance of the immunosuppressive function of MDSCs in terms of prevention of early fatal GVHD are in agreement with those of previous reports, which proposed a link between the immunosuppressive properties of MDSCs and the extent of GVHD protection after experimental allo-HSCT. 18, 19 Just as injection of MDSCs derived from embryonic stem cells 33 or generated ex vivo by IL-13 treatment 34 reduced the lethality of GVHD, supplementation of WT MDSC (Figure 4) or transplantation with TCD-BM in which MDSC population was augmented ( Figure 5 ) also enhanced GVHD survival in our experiments. The report of Wang et al. 18 showing aggravation of GVHD upon MDSCremoval, and suppression of T-cell expansion and GVHD by adding functional MDSCs purified from spleens is consistent with our results. However, the cited authors claimed that injection of immature BM-MDSCs did not exert such suppressive effects. We consider that this discrepancy in terms of the capability of BM-MDSCs to ameliorate GVHD is attributable to differences in the experimental schedules of MDSC supplementation between the two studies, as exertion of a suppressive effect by MDSCs is flexible, depending on the relative abundance of MDSCs compared to T cells. Wang et al. administered BM-MDSCs once, via co-transplantation at the time of allo-HSCT, whereas we injected BM-MDSCs several times (at days 3, 5, and 7 post transplantation). Therefore, differences in the timing, frequency, and total amount of supplementation may sufficiently influence the functions of such BM-MDSCs. Moreover, the use of different GVHD models (a B6-to-BALB.C model vs. a B6-to-B6DF1 model, respectively) may also have influenced the results. Together, we suggest that reciprocal application of the two supplementation schedules using the two different GVHD models would allow the capacity of BM-MDSCs to suppress GVHD to be evaluated more precisely. However, it is clear that MyD88-deficient MDSCs are defective in terms of ameliorating GVHD.
In the clinic, prediction of the likelihood of intestinal GVHD is critical from a therapeutic perspective. As gastrointestinal tract damage has a central role in amplifying systemic GVHD by propagating a cytokine storm, early and accurate diagnosis of the pathological condition is essential to allow appropriate therapeutic management of patients with acute GVHD. In this respect, the observed correlation between T/MDSC ratios in blood and the severity of intestinal GVHD may mean that the ratios are clinically useful surrogate markers of the condition, and signal the utility of a novel combined strategy to rescue gastrointestinal damage in the clinical context.
In summary, MyD88-dependent expansion of the CD11b þ Gr-1 þ population from donor TCD-BM regulates the severity of GVHD by increasing apoptosis of and reducing intestinal infiltration by activated T cells. In addition, our data suggest that the existence of MyD88 signaling in the CD11b þ Gr-1 þ population is critical in terms of attenuation of the severity of GVHD early after transplantation. The results of our study afford an understanding of the mechanism by which MyD88mediated signaling in donor BM attenuates the severity of GVHD, and represents a critical step toward the potential clinical application of MDSCs.
METHODS
Mice. Female B6 (H-2 b ), B6.Ly-5a (CD45.1 þ ), and F1 (H-2 b/d ) mice were purchased from Japan SLC (Shizuoka, Japan). Female C.B10-H2 b /LilMcdJ (BALB.B, H-2 b ) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). MyD88-deficient (B6-MyD88 À / À , H-2 b ) mice were generated by Kawai et al. 35 and had been backcrossed 410 generations onto the C57BL/6J strain.
Patients. Of the 131 patients consecutively transplanted in our institute from January through December 2013, 55 were subjected to myeloablative conditioning regimens (Supplementary Table 1 ). All the studies with humans were performed with approval from the Institutional Review Board (KC12SISE0585) of our institute in accordance with the Declaration of Helsinki.
Human MDSC analysis. Fresh peripheral blood mononuclear cells of patients undergoing allo-HSCT were retrieved at engraftment and were co-stained with FITC-conjugated anti-HLA-DR, PerCP-Cy5.5conjugated anti-Lineage, V450-conjugated anti-CD33, APC-Cy7conjugated anti-CD11b, PE-CF594-conjugated anti-CD15, and APC-conjugated anti-CD14 (BD Pharmingen, San Diego, CA) to determine their MDSC phenotype. For the frequency of the MDSC subsets, at least 1 Â 10 5 events were acquired for analysis.
Induction of acute GVHD experimental allo-HSCT and assessment of GVHD. Mice underwent transplantation using a standard protocol described previously. 36, 37 Briefly, B6D2F1 recipients received TCD-BM cells (5 Â 10 6 ) plus 1 Â 10 6 purified T cells from allogeneic B6 mice after total body irradiation with 1,100 cGy. B6.Ly-5a (CD45.1 þ ) mice were used to identify donor T cells in various organs. In the miHAmismatched murine model of GVHD, BALB.B recipient mice received 900 cGy total body irradiation in two doses separated by 5 h. Next, TCD-BM cells (5 Â 10 6 ) and T cells (5 Â 10 6 ) purified from B6 mice were injected into recipients. The extent of systemic acute GVHD was assessed using a scoring system that incorporates five clinical parameters. 38 The histological grading criteria of intestinal GVHD were as follows: grade 0, normal; grade 1, single-crypt apoptosis; grade 2, loss of a crypt; grade 3, dropout of two or more continuous crypts; grade 4, no identifiable residual viable crypts (total epithelial denudation). 39 Flow cytometric analysis and assessment of donor cell apoptosis.
Single-cell suspensions were stained in FACS buffer at 4 1C for 30 min.
In vivo apoptosis of donor T cells was analyzed by flow cytometry, as described previously. 40 Samples were analyzed using a FACSCalibur and an LSRII (BD Pharmingen). The antibodies used in the analyses are described in Supplementary Data. The following antibodies against mouse antigens were purchased from BD Pharmingen: FITCconjugated anti-H-2 d , anti-CD45.1, anti-c-kit, anti-CD11c, anti-CD8, anti-IL-1b, and anti-TNFa; PE-conjugated anti-CD11b, anti-sca-1, anti-Ly6C and anti-CD4; PerCP-Cy5.5-conjugated anti-CD8; APCconjugated anti-B220, anti-Ly6G (Gr-1), anti-Foxp3, anti-IFNg, anti-BrdU, Annexin V, and CCR9; and APC-Cy7-conjugated anti-CD4. PE-Cy7-conjugated anti-F4/80 was purchased from Miltenyi Biotec
